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Abstract  ^ 

Impact  tests  were  conducted  on  shear  panels  fab¬ 
ricated  from  6061-T6  aluminum  and  from  woven- 
fabric  prepreg  of  DuPont  Kevlar  fiber /epoxy  resin 
and  graphite  fiber/epoxy  resin.  The  shear  panels 
consisted  of  three  different  composite  laminates  and 
one  aluminum  material  configuration.  Three  panel 
aspect  ratios  were  evaluated  for  each  material  con¬ 
figuration.  Composite  panels  were  impacted  with 
a  1.27-cm  (0.50-in.)  diameter  aluminum  sphere  at 
low  velocities  of  46  m/sec  (150  ft/sec)  and  67  m/sec 
(220  ft/sec).  Ballistic  impact  conditions  consisted  of 
a  tumbled  0.50-caliber  projectile  impacting  loaded 
composite  and  aluminum  shear  panels.  The  results 
of  these  tests  indicate  that  ballistic  threshold  load 
(the  lowest  load  which  will  result  in  immediate  failure 
upon  penetration  by  the  projectile)  varied  between 
0.44  and  0.61  of  the  average  failure  load  of  undam¬ 
aged  panels.  The  residual  strengths  of  the  panels 
after  ballistic  impact  varied  between  0.55  and  0.75  of 
the  average  failure  strength  of  the  undamaged  panels. 
The  low-velocity  impacts  at  67  m/sec  (220  ft/sec) 
caused  a  15-  to  20-percent  reduction  in  strength, 
whereiis  the  impacts  at  46  m/sec  (150  ft /sec)  resulted 
in  negligible  strength  loss.  Good  agreement  was  ob¬ 
tained  between  the  experimental  failure  strengths 
and  the  predicted  strength  with  the  point  stress  fail¬ 
ure  criterion. 

Introduction 

Military  and  commercial  helicopters,  like  their 
fixed-winged  counterparts,  arc  subject  to  low- velocity 
impact  damage.  In  addition,  the  military  aircraft 
must  be  designed,  to  some  degree,  to  be  ballistic- 
damage  tolerant. 

Extensive  research  has  been  conducted  on  the  ef¬ 
fects  of  low-velocity  impact  damage  on  the  tensile  or 
compre.ssivc  strength  of  composite  laminates  (refs.  1 
to  5).  These  investigations  addressed  the  resin  and 
fiber  characteristics  that  affecle<l  damage  tolerance, 
defined  the  laminate  failure  modes,  and  developed 
methods  to  improve  damage  tolerance.  The  most 
comprehensive  investigations  on  damage  tolerance  of 
structural  elemenl.s  have  focused  on  graphile/epoxy 
(Gr/E)  composite.s.  These  structural  elements  were 
buckling- resu-itant  designs. 

Sandwich  panels  fabricated  from  (Ir/E  prepreg 
and  a  honeycomb  core  were  impacted  with  a  metal 
sphere  to  assess  their  damage  susceptibility  (ref.  1). 
Tests  showed  that  (Ir/E  sandwich  panels  were  less 
daiiiage  resistant  thaii  S-glass/epoxy  panels;  an  en- 
erg)’  level  one  order  of  magnitude  higher  was  re¬ 
quired  to  sustain  the  same  relative  damage  level  in 
S-glass/epoxy.  Local  core  crushing  occurred  at  the 


impact  point,  and  all  Gr/E  panels  exhibited  fiber 
fracture  and  permanent  indentation  at  low  energy 
levels. 

Laminates  fabricated  from  Gr/E  and  DuPont 
Kevlar  fiber/epoxy  resin  (K/E)  were  investigated  to 
determine  their  residual  strengths  after  being  im¬ 
pacted  at  low  velocity  (ref.  2).  Results  indicate  that 
low-velocity  impact  at  energy  levels  below  that  nec¬ 
essary  to  create  visible  damage  initiated  catastrophic 
failures  in  all  test  laminates.  Kevlar-graphite/epoxy 
(K-Gr/E)  hybrid  laminates  were  found  to  improve 
impact  strength  of  laminates  loaded  in  compression 
though  not  in  tension. 

Experimental  studies  to  evaluate  the  effects  of  the 
matrix  resin  on  the  impact  damage  tolerance  of  Gr/E 
composite  laminates  are  reported  in  reference  3.  The 
results  of  mechanical  property  tests  on  neat  resin 
show  that  the  resin  tensile  properties  influence  the 
laminate  damage  toleramce.  Furthermore,  improve¬ 
ments  in  damage  tolerance  are  not  necessarily  made 
at  the  expense  of  room  temperature  mechanical  prop¬ 
erties.  Fiber  volume  fraction  on  the  order  of  40  per¬ 
cent  may  be  required  to  provide  additional  improve¬ 
ments  in  damage  tolerance. 

The  effect  of  low-velocity  impact  on  the  damage 
tolerance  of  composite  structural  elements  has  also 
been  investigated.  The  results  of  an  experimental 
investigation  of  low-velocity  impact  damage  on  the 
compression  strength  of  Gr/E  hat-stiffened  panels 
are  reported  in  reference  4.  Panels  were  impacted 
on  the  skin  side  of  the  panel  at  both  the  soft  un¬ 
supported  skin  and  the  stiflfener  location.  Impact  at 
the  stiffener  produced  catastrophic  failures  at  50  to 
58  percent  of  the  design  load  level.  The  existence  of 
local  damage  was  found  to  be  the  significant  factor 
in  reducing  the  strength  of  the  panels.  Nonvisuaily 
detectable  damage  reduced  the  ultimate  strength  as 
much  as  extensive  visually  detectable  damage. 

Structural  concepts  have  been  devised  to  improve 
the  damage  tolerance  of  Gr/E  compression  panels 
(ref.  5).  Matrix  materials  that  fail  by  delamination 
have  the  lowest  damage- tolerance  capability.  Lami¬ 
nates  which  are  transversely  reinforced  suppress  the 
delamination  mode  of  failure  and  change  the  failure 
mode  to  transverse  shear  crippling,  which  occurs  at 
a  higher  strain  value. 

Balli.slic-damage-tolerance  research  on  composite 
structures  has  concent  rat  e<i  on  fixed-wing  fighter  air¬ 
craft  component. s  (refs.  6  and  7).  These  investiga¬ 
tions  identified  the  23- mm  high-explosive  incendi¬ 
ary  as  the  primary  ballistic  threat.  The  tolerance 
to  ballistic  impact  of  CJr/E  and  boron/epoxy  com¬ 
posites  has  also  been  investigated  (ref.  6)  with  0  50- 
and  0.30-caliber  armor- piercing  projectiles.  Speci¬ 
men  residual  tensile  strengths  wrrr  found  to  be  in- 


dependent  of  the  preload  and  the  projectile  velocity. 
Both  residual  strength  and  threshold  load  (the  low¬ 
est  load  which  will  result  in  immediate  failure  of  the 
specimen  upon  penetration  by  the  projectile)  were 
related  to  the  fracture  toughness  of  the  laminates. 
Threshold  load  and  residual  strength  of  the  laminates 
were  found  to  be  approximately  55  and  62  percent  of 
the  undamaged-panel  strength,  respectively. 

The  ballistic  impact  responses  of  metal  and  com¬ 
posites  were  compared  in  reference  7.  Both  metal 
and  composites  were  found  to  lose  in  excess  of  50  per¬ 
cent  of  their  undamaged  strength.  Composites  were 
found  to  be  more  resistant  than  metals  to  crack-type 
impact  damage.  Both  composites  and  aluminum, 
when  subjected  to  load,  may  fail  on  impact  at  applied 
stress  levels  significantly  below  their  residual  tensile 
strength  levels.  The  strength  loss  due  to  small  arms 
damage  was  greater  in  the  composite  panel  than  in 
metal  panels. 

The  effects  of  ballistic  damage  on  the  dynamic 
components  of  helicopters  were  investigated  (ref.  8). 
In  this  study  a  composite  rotor  hub  was  designed, 
fabricated,  and  impacted  with  a  23-mm  high-explosive 
incendiary.  Results  of  residual  strength  tests  showed 
that  the  hub  could  withstand  this  type  of  ballistic 
damage. 

The  present  investigation  was  conducted  to  un¬ 
derstand  more  fully  the  ballistic  and  low-velocity 
damage  tolerance  of  thin  composite  and  thin  alu¬ 
minum  shear  panels  representative  of  helicopter  fuse¬ 
lage  skins.  The  skins  on  the  fuselage  of  a  helicopter 
are  generally  minimum-gauge  designs  and  develop 
diagonal  tension  fields.  Three  different  'romposite 
laminates  were  studied.  For  the  low-velocity  impact 
tests,  composite  panels  were  impacted  at  no  load 
with  a  1.27-cin  (0.50-in.)  diameter  aluminum  sphere. 
Tests  were  performed  with  sphere  impact  speeds  of 
46  in/sec  (150  ft/sec)  and  67  m/sec  (220  ft/sec).  For 
the  ballistic  impact  tests,  composite  panels  and  alu- 
minuni  panels  were  impacted  under  load  with  a  tum¬ 
bled  0.50-caliber  armor- piercing  projectile.  From  the 
balli.stic  tests,  the  ballistic  threshold  load  and  resid¬ 
ual  strength  of  the  panels  were  determined.  Impact 
damage,  failure  mode,  and  failure  location  for  each 
panel  were  .studie<i.  Residual  strengths  of  the  panels 
were  compare<l  with  pretlicled  values  by  means  of  the 
point  stress  failure  criterion  (ref.  9). 

Experimental  Procedures 

Apparatus  and  conditions  are  defmetl  in  this  .sec¬ 
tion  for  all  tests.  The  materials  us«d  to  fabri¬ 
cate  composite  shear  panels  were  Du  Pont  Kevlar  49 
fiber/.Narmco  520ii  epoxy  resin  (K/F)  and  Union 
('arbide  Thornel  300  graphite  fiber/Narmco  5208 


epoxy  resin  (Gr/E)  woven-fabric  prepregs.  Alu¬ 
minum  shear  panels  were  fabricated  from  6061-T6 
aluminum  sheet.  Three  composite  laminates  were 
studied;  they  were  (±45^]8  K/E,  (-f30^/ 
-eof],  K/E,  and  [+45^/ -45^,).  K-Gr/E  hybrid. 
Panels  with  three  different  aspect  ratios  were  eval¬ 
uated  for  each  material  configuration:  20.3  cm  x 
20.3  cm  (8.0  in.  x  8.0  in.),  20.3  cm  x  33.0  cm  (8.0  in. 
X  13.0  in.),  and  20.3  cm  x  50.8  cm  (8.0  in.  x  20.0  in). 
Test  conditions  for  the  various  panels  are  shown  in  ta¬ 
bles  I-IV.  An  improved  shear  fixture  (ref.  10)  shown 
in  figure  1,  designed  to  eliminate  the  adverse  stresses 
in  the  corner  of  the  test  section  of  the  panel,  was  used 
to  test  the  shear  paneb.  C-scans  of  selected  panels 
were  used  to  accurately  define  the  damaged  regions 
of  impacted  panels,  and  these  data  were  compared 
with  the  vbually  obtained  data. 

Undamaged  Panels 

Forty  undamaged  shear  panels  were  tested  to 
failure  to  obtain  data  for  comparison  with  data 
from  impact-damaged  panels.  Panels  were  initially 
loaded  at  a  head  displacement  rate  of  0.05  cm/min 
(0.02  in/min).  When  the  diagonal  tension  field  was 
established  in  the  panel,  the  loading  rate  was  in¬ 
creased  to  0.10  cm/min  (0.04  in/min).  The  failure 
load  and  modes  were  recorded  for  each  test. 

Panels  Damaged  by  Low-Velocity  Impact 

Only  the  composite  paneb  were  subjected  to  low- 
velocity  impacts  because  aluminum  paneb  are  less 
sensitive  to  iow- velocity  impacts.  The  low- velocity 
impact  test  conditions  are  ibted  in  table  I.  Test 
panels  were  not  loaded  when  impacted  because  he¬ 
licopters  are  most  prone  to  receive  low-velocity  im¬ 
pacts  when  the  fuselage  skins  are  not  highly  stressed. 
Residual  shear  strength  tests  were  conducted  on 
22  penetrated  paneb  and  23  unpenetrated  paneb  im¬ 
pacted  at  nominal  speeds  of  67  m/sec  (220  ft /sec) 
and  46  m/sec  (150  ft/sec),  respectively.  The  paneb 
were  installed  in  a  shear  fixture,  as  depicted  in  fig¬ 
ures  2  and  3,  when  impacted.  A  I.27-cm  (0.50-in.) 
diameter  aluminum  sphere  was  propelled  by  com¬ 
pressed  air  through  a  O.SO-caliber  smoothbore  bar¬ 
rel.  I’hotoeleclric  cells  were  located  at  the  end  of  the 
barrel  to  measure  projectile  velocity.  The  barrel  was 
located  approximately  7.6  cm  (3.0  in.)  from  the  lest 
panel.  .All  paneb  were  impacted  at  a  point  located 
along  a  45"^  line  from  the  center  of  the  test  section 
of  the  shear  panel,  as  shown  in  figure  4.  Impact  oc- 
rurretl  approximately  2.5  cm  ( 1 .0  in. )  from  the  center 
of  the  panel.  Thb  impact  location  was  similar  to  the 
ballblic  impact  point.  The  extent  of  visible  damage 
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from  both  low-velocity  impact  speeds  was  noted  for 
each  panel. 

Panels  Damaged  by  Ballistic  Impact 

Forty-five  composite  and  aluminum  shear  panels 
were  ballistically  impacted  with  a  tumbled  0.50-caliber 
armor-piercing  projectile.  The  projectile  is  shown  in 
figure  5.  The  ballistic  impact  tests  were  conducted 
at  the  U.S.  Army  Applied  Technology  Laboratory  lo¬ 
cated  at  Fort  Eustis,  Virginia.  The  ballistic  impact 
tests  are  described  in  tables  II~IV. 

The  ballistic  impact  test  apparatus  is  depicted  in 
figures  6-9.  A  0.50-caliber  smoothbore  test  weapon, 
figure  6,  was  located  approximately  6.5  m  (21.3  ft) 
from  the  test  panel,  figures  7-9.  Tumbling  of  the 
projectile  was  produced  by  chamfering  the  end  of  the 
barrel.  Chamfering  the  end  of  the  barrel  causes  a 
pressure  imbalance  on  the  projectile.  Based  upon 
previous  tests  with  this  apparatus,  a  6.5  m  (21.3  ft) 
distance  between  the  weapon  and  test  panel  would 
produce  a  V4  turn,  90°  impact  of  the  projectile. 
Precise  control  of  tumbling  was  not  achievable  once 
the  barrel  of  the  weapon  increased  in  temperature 
as  a  result  of  repeated  firing.  Projectile  speed  was 
determined  by  recording  the  time  required  for  the 
projectile  to  pass  through  the  two  velocity  screens,  as 
shown  in  figure  8.  The  projectile  triggered  an  electric 
photocell  on  each  velocity  screen.  The  screens  were 
located  1.5  m  (5.0  ft)  apart. 

Shear  panel  test  specimens  were  assembled  in  the 
shear  test  fixture  and  portable  load  frame,  figure  9. 
This  assembly  was  positioned  in  front  of  a  sand- filled 
pit  to  trap  the  spent  0.50-caliber  projectile.  Load 
was  applied  to  the  specimen  through  a  hydraulically 
actuated  displacement  control  load  train.  An  im¬ 
pact  speed  of  671  m/scc  (2200  ft/sec)  was  selected 
for  all  tests.  The  speed  was  chosen  on  the  basis  of 
the  visual  damage  from  14  preliminary  panel  tests. 
In  these  preliminary  tests,  impact  speeds  were  var¬ 
ied  between  457  m/sec  (1500  ft/sec)  and  884  m/sec 
(2900  fl/scc)  A  speed  of  671  m/sec  (2200  ft/sec)  is 
the  expected  projeclUi:  :?peed  after  traveling  366  m 
(1200  ft)  from  a  weapon  with  a  batrel  76  cm  (30  in.) 
in  length.  The  366-m  (1200-ft)  distance  is  within  »he 
normal  accuracy  range  of  a  0.50-caliber  weapon.  The 
point  of  aim  for  impact  was  the  center  of  the  panel. 
Because  the  projectile  was  tumbled,  precise  control 
of  the  impact  point  was  not  obtainable.  The  actual 
impact  point  was  within  5.0  cm  (2.0  in.)  of  the  aim 
point. 

('umposite  and  aluminum  shear  panels  were  stat¬ 
ically  loaded  to  various  percentages  of  their  undam¬ 
aged  static  .strength  prior  to  being  impacted.  The 
slatU*  loacb  are  listed  in  tables  11  IV.  The  threshold 
load  for  paneb  of  a  particular  material  configuration 


and  aspect  ratio  is  defined  by  the  panel  that  has  the 
lowest  average  load  of  the  preimpact  load  and  the 
residual  load.  In  this  study  the  term  residual  load 
refers  to  the  maximum  load  carried  by  the  panel  dur¬ 
ing  the  residual  strength  test.  Residual  strength  tests 
were  conducted  on  the  unfailed  panels.  Ballistic  dam¬ 
age,  panel  failure  modes,  and  failure  locations  were 
noted  for  each  test. 


Analytical  Procedures 

Classical  diagonal  tension  fields  (refs.  10  and  11) 
were  exhibited  by  the  thin  composite  and  aluminum 
panels  tested,  figure  10,  in  this  study.  Once  the 
diagonal  tension  field  is  established  in  the  panel,  the 
panel  strength  is  a  function  of  the  material  strength 
parallel  to  the  tension  field  (buckles).  Forces  normal 
to  the  buckles  are  small  relative  to  the  forces  parallel 
to  the  tension  field.  Typical  failure  modes  of  thin 
shear  panels  were  tension  failures  perpendicular  to 
the  buckle  direction. 

When  impact  conditions  affect  component  design 
requirements,  the  designer  needs  simplified  charts, 
tables,  or  analytical  procedures  to  predict  perfor¬ 
mance.  One  such  analytical  procedure  is  the  point 
stress  failure  criterion.  The  point  stress  failure  crite¬ 
rion  has  been  shown  to  correlate  well  with  failures  of 
composite  panels  with  holes  and  cracks  (ref.  12). 

The  point  stress  failure  criterion  assumes  that 
failure  occurs  when  the  stresses  at  a  small  distance, 
,0o,  away  from  the  edge  of  a  discontinuity  reach  the 
material  strength.  This  criterion  is  a  two- parameter 
criterion  with  parameters  Dq  and  material  strength 
determined  empirically.  A  Dq  value  of  approximately 
0.13  cm  (0.05  in.)  is  considered  typical. 

The  point  stress  failure  criterion  (ref.  9)  for  an 
infinite  orthotropic  plate  with  a  hole  of  radius  a,  as 
depicted  in  figure  11,  is  given  by 

_  2 

ffo  “  2  +  0  +  H*-  {K,  -  3){5{«  -  7{»)  '  ' 

where 


and  i  s=  a/(a  +  Do).  The  applied  far-fidd  stress 
and  the  stress  at  x  =  0  +  Do,  y  =  0  are  and 
oo.  respectively.  The  longitudinal  and  transverse 
extensional  moduli,  shear  modulus,  and  Poisson’s 
ratio  are  Eg,  E^,  Ggy,  t^gy,  respectively.  Similarly, 
the  point  stress  criterion  for  an  infinite  orthotropic 
plate  with  a  crack  of  half  length  a  (see  fig.  1 1)  b  given 
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by 


where  ^  =  a/(a  +  Do)* 

Predicted  values  from  equations  (1)  and  (2)  were 
compared  with  the  low-velocity  and  ballistic  impact 
tests  of  the  composite  panels,  respectively.  For  the 
nonpenetrating  impacts,  the  hole  radius  was  tciken  as 
half  the  distance  across  the  visually  detected  dam¬ 
aged  region.  Hole  radius,  a,  for  the  penetrating  low- 
velocity  impacts  includes  the  penetration  and  any 
delamination  damage  arc  and  the  penetration.  (See 
fig.  12.)  The  crack  length,  2a,  for  the  ballistic  impact 
tests  was  taken  as  the  length  of  the  damaged  region 
perpendicular  to  the  diagonal  tension  field  (buckles). 
(See  fig.  12.) 

Discussion  of  Results 

Undamaged  Panels 

Shear  strength  tests  on  undamaged  composite 
and  aluminum  panels  were  conducted  as  previously 
described.  Ultimate  shear  stress  resultants  for  each 
panel  are  listed  in  table  V  and  plotted  in  figure  13. 
The  ultimate  shear  stress  resultant  is  calculated  by 
dividing  the  applied  edge  failure  load  by  the  length 
of  the  panel.  The  average  ultimate  shear  stress  re¬ 
sultants  for  panels  with  all  three  aspect  ratios  for 
each  of  the  four  material  configurations  were  calcu¬ 
lated  and  compared  with  values  obtained  for  dam¬ 
aged  panels.  Average  ultimate  shear  stress  resultants 
for  panels  with  a  particular  aspect  ratio  varied  less 
than  15  percent  from  values  obtained  for  panels  of  the 
same  material  with  other  aspect  ratios.  There  arc  no 
distinguishable  trends  with  respect  to  panel  ultimate 
shear  stress  resultant  ^d  aspect  ratio.  Ail  panels 
except  the  [-kSO*"/ -60*" )«  K/E  panels  exhibited  ten¬ 
sion  failures  across  a  buckle  .similar  to  thc»e  reported 
in  reference  10.  The  (+30^ / -GO*" ),  K/E  panels  ex¬ 
hibited  a  combined  tension  and  shear  failure.  The 
combined  failure  mode  of  the  [-f  30*’/ 60^  K/E 
i.s  aitribuletl  to  the  nonalignment  of  fibers  with  the 
diagonal  tension  forces. 

Panels  Damaged  by  l^w- Velocity  Impact 

The  low-vtlocily  impact  tests  consiste<l  of  im¬ 
pacting  23  composite  panels  at  46  m/sec  (150  ft /sec) 
and  22  composite  panels  at  67  m/sec  (220  ft /sec) 
with  a  1.27-cm  (0.50-in.)  diameter  aluminum  sphere. 
The  impacts  at  46  m/sec  (ISO  fl/sec)  did  not  pene¬ 
trate  the  panels,  whereas  the  impacts  at  67  m/sec 
(220  fi/.-iec)  penetrated  the  panels  The  residual 
strengths  of  the  low-velocity  nonpenetrating  and 
penetrating  impar*  tests  are  listed  in  table  VI.  The 


residual  strength  ratio  (i.e.,  the  strength  of  the  dam¬ 
aged  panel  divided  by  the  average  strength  of  the 
undamaged  panels)  is  plotted  in  figure  14. 

Typical  strength  reduction  as  a  result  of  the  non¬ 
penetrating  impact  was  negligible.  Strength  reduc¬ 
tions  were  typically  within  the  data  scatter  of  the 
tests  on  undamaged  panels.  The  visible  damaged 
area  on  the  impact  side  of  the  composite  panels  was 
a  circular  region  less  than  0.64  cm  (0.25  in.)  across, 
as  shown  in  figure  15.  Little  or  no  visible  back  side 
damage  was  observed.  All  panels  had  failure  modes 
similar  to  those  of  the  undamaged  panels.  The  failure 
did  not  necessarily  coincide  with  the  impact  point. 

Typical  strength  reductions  from  penetrating  im¬ 
pacts  were  15  to  20  percent  of  the  undamaged- panel 
strength.  Visual  and  C-scan-defined  damage  areas 
were  comparable.  As  shown  in  figures  16  and  17, 
typical  entrance  and  exit  side  damage  was  between 
1.27  cm  (0.50  in.)  and  J  91  cm  (0.75  in.)  across  for 
both  K/E  and  K-Gr/E  panels.  Exit  side  damage  con¬ 
sisted  of  frayed  Kevlar  fibers  about  the  penetration 
with  delamination  around  the  perimeter  of  the  pen¬ 
etration.  Entrance  side  damage  consisted  of  the  hole 
with  little  or  no  perimeter  delamination.  The  Gr/E 
plies  in  the  hybrid  laminates  were  cleanly  penetrated 
by  the  aluminum  sphere.  All  panels  were  tested  to 
measure  residual  strength.  They  exhibited  the  char¬ 
acteristic  tension  failure  with  failure  initiating  at  the 
hole  and  propagating  to  the  edge  of  the  panel.  (Sec 
fig.  18.) 

Panels  Damaged  by  Ballistic  Impact 

Composite  and  aluminum  shear  panels  were  bal- 
listically  impacted  while  subjected  to  a  shear  load. 
Panel  failure  when  impacted  was  defined  as  a  tension 
failure  perpendicular  to  the  buckle  extending  across 
the  test  section  of  the  panel.  Typical  panel  fail¬ 
ure  modes  of  panels  not  surviving  impact  arc  shown 
in  figures  19  and  20.  Panels  that  did  not  exhibit 
the  diagonal  tension  failure  mode  were  considered  to 
have  survived  the  impact  regardless  of  the  extent  of 
damage. 

The  threshold  load  for  panels  of  a  particular 
material  configuration  and  panel  aspect  ratio,  as 
previously  stateri  in  this  study,  is  defined  by  the  panel 
that  has  the  low'esl  average  load  of  the  preimpact  load 
and  the  residual  load.  For  the  purpose  of  computing 
the  threshold  load,  if  a  panel  survives  the  impact 
(a.-*  determined  b>*  the  previous  definition  of  panel 
failure)  but  has  a  residual  strength  of  less  than  the 
applied  load  when  impacted,  then  it  is  assumed  to 
have  failed  upon  impact.  Furthermore,  if  paneb  of 
the  same  aspect  ratio  and  material  have  the  same 
load  at  impact  and  one  or  more  paneb  fail  whereas 
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the  others  survive  impact,  then  the  threshold  load  is 
assumed  to  be  the  applied  load  at  impact. 

Precise  control  of  the  projectile  tumble  and  ori¬ 
entation  angles  was  not  achievable.  Tables  VII-IX 
list  the  projectile  tumble  and  orientation  angles  for 
the  ballistically  impacted  panel  tests.  The  projec¬ 
tile  tumble  angle  (q),  as  shown  in  figure  21,  is  the 
enclosed  angle  between  the  longitudinal  axis  of  the 
projectile  and  the  normal  axis  (through  the  thick¬ 
ness)  of  the  panel.  Projectile  orientation  2Lngle  (d), 
see  figure  21,  is  the  angle  between  the  longitudinal 
axis  of  the  projectile  and  the  inplane  horizontal  axis 
of  the  panel.  Figure  22  shows  the  effect  of  tumble  an¬ 
gle  on  the  crack  length  (2o).  As  the  crack  length  (2a) 
approaches  the  diameter  of  the  projectile,  the  projec¬ 
tile  tumble  angle  approaches  zero.  Figure  23  shows 
the  effect  of  projectile  orientation  angle  on  the  crack 
length  (2q).  The  smallest  crack  length  (2a)  occurs  for 
orientation  angles  between  30°  and  65°;  this  is  con¬ 
sistent  with  the  definition  of  the  crack  length  (2a). 
Data  scatter  and  the  coupling  effects  between  pro¬ 
jectile  tumble  angle  and  orientation  angle  hinder  the 
discerning  of  other  characteristics.  The  results  of 
the  low-velocity  and  ballistic  impact  tests  suggest 
that  nontumbled  ballistic  impacts  (o  =  0°)  would 
cause  no  greater  damage  than  an  equivalent  diame¬ 
ter  spherical  projectile  that  penetrated  the  panel  at 
a  lower  speed. 

Figure  24  presents  data  on  the  effect  of  crack 
length  (2a)  on  residual  panel  strength.  As  the  crack 
length  (2a)  decreases,  the  residual  strength  increases. 
When  the  crack  length  approaches  the  diameter  of 
the  projectile,  the  residual  strength  is  approximately 
e<4ual  to  the  residual  strength  of  those  panels  that 
were  subjected  to  penetrating  low-velocity  impacts. 

Aluminum  panels.  When  the  aluminum  panels 
were  ballistically  impacted,  a  bright  flash  occurred 
at  impact.  The  Hash  corresponded  to  burning  alu¬ 
minum  as  the  projectile  penetrated  the  panel.  At  the 
edge  of  the  hole,  the  panel  skin  lore  and  formed  nu- 
merou.s  cracks.  Typical  ballistic  damage  of  aluminum 
panels  is  shown  in  figure  25.  By  the  previously  de¬ 
scribed  definition  of  panel  failure,  no  aluminum  panel 
failed.  This  was  primarily  a  result  of  the  constant 
displacetneitt  load  train. 

The  load  applieti  before  impact  to  the  panels  var- 
ieti  between  54  and  94  percent  of  the  undamaged- 
panel  strength.  The  residual  {>anel  load  wa.s  lower 
than  the  applieti  load  when  impacted  for  8  of  the 
10  aluminum  panels  tested.  These  results  are  plot¬ 
ted  in  figure  26.  The  criterion  used  to  estimate  the 
threshold  load  for  the  aluminum  panels  with  an  as- 
|>ect  ratio  of  1.000  was  modified  from  that  previ¬ 
ously  slatetl  l>ecau-se  the  residual  loads  of  all  alu¬ 


minum  panels  were  less  than  the  applied  loads  when 
impacted.  The  threshold  load  was  estimated  to  be 
the  average  of  the  applied  load  when  impacted  and 
the  average  residual  load  for  the  three  panels  tested. 
The  threshold  load  ratios,  plotted  in  figure  26  and 
listed  in  table  X,  were  0.65,  0.59,  and  0.59  for  the 
aluminum  panels  with  aspect  ratios  of  1.000,  1.6i)5, 
and  2.500,  respectively.  Average  threshold  load  ratio 
for  aluminum  panels  with  all  three  aspect  ratios  was 
0.61  of  the  failure  load  of  the  undamaged  aluminum 
panels. 

The  residual  strengths  of  ballistically  impacted 
aluminum  shear  panels  are  plotted  in  figure  26.  The 
average  residual  strengths,  listed  in  table  XI,  were 
0.45,  0.60,  and  0.67  of  the  strength  of  the  undam¬ 
aged  aluminum  panels  for  panels  having  aspect  ratios 
of  1.000,  1.625,  and  2.500,  respectively,  with  an  over¬ 
all  average  of  0.57.  The  average  residual  strengths 
increased  with  panel  aspect  ratio.  The  average  crack 
lengths  of  panels  having  different  aspect  ratios  were 
similar,  and  the  extent  of  damage  was  similar.  There¬ 
fore,  the  percent  of  damaged  area  of  the  panel  should 
decrease  with  increased  aspect  ratio,  and  the  residual 
strength  should  increase. 

Composite  panels.  For  tumble  angles  less  than 
30°,  the  ballistically  impacted  composite  panels  ex¬ 
hibited  similar  damage  to  that  of  the  penetrated 
low-velocity-impacted  panels.  The  front  side  of  the 
panel  had  frayed  Kevlar  fibers  with  some  delamina¬ 
tion  around  the  perimeter  of  the  penetration.  Fig¬ 
ure  27  shows  typical  damage  for  a  ballistically  im¬ 
pacted  K/E  panel  with  a  tumble  angle  of  20°.  The 
exit  side  showed  slightly  more  delamination  and  fray¬ 
ing  of  Kevlar  fibers  than  the  impacted  side.  The 
damage  area  on  the  exit  side  of  the  K-Gr/E  hybrid 
panels  was  greater  than  on  the  K/E  panels.  The 
outer  Kevlar  ply  of  the  hybrid  panels  had  a  larger 
delaminated  area  around  the  penetration,  as  shown 
in  figure  28,  than  the  K/E  panels.  The  graphite  in¬ 
ner  plie:'  of  the  K-Gr/E  hybrid  panels  were  pene¬ 
trated  by  the  projectile  with  no  dist  inguishable  edge 
delamination. 

As  the  tumble  angle  increases,  the  impact  and 
exit  side  damage  increases.  The  impact  side  damage 
for  both  K/E  panels  and  K-Gr/E  panels  consists  of 
the  penetration  and  some  perimeter  delaunination. 
The  exit  side  damage  was  more  extensive.  Typically, 
the  outer  two  plies  on  the  exit  side  of  the  K/E 
panels  delaminate  around  the  penetration  site,  ar 
shown  in  figure  29.  Figure  30  shows  that  extensive 
delaminaCton  of  the  outer  Kevlar  ply  on  the  exit 
side  occurs  for  the  K-CJr/E  panels.  The  graphite 
inner  plies  were  penetrated  with  no  distinguishable 
delamination  around  the  perimeter.  Tliose  panels 


that  failed  when  impacted  did  not  exhibit  any  other 
damage  characteristics  around  the  penetration  than 
those  previously  described. 

Figures  31-33  present  data  on  the  applied  load 
ratio  when  impacted,  the  residual  ultimate  load  ra¬ 
tio,  and  the  threshold  lead  ratios  for  ballistically  im¬ 
pacted  panels.  The  threshold  load  was  calculated  as 
initially  described.  The  average  threshold  loads  for 
the  composite  panels  are  presented  in  table  X.  The 
average  threshold  loads  ratio  for  the  |±45M8  K/E, 
(+45^/ -45^,1,  K-Gr/E,  and  1+30^/ -  60^],  K/E 
panels  were  0.44,  0.48,  and  0.55  of  the  average 
undamaged-panel  strength,  respectively.  No  consis¬ 
tent  trends  were  identified  with  respect  to  threshold 
load  and  panel  aspect  ratio  for  the  composite  pan¬ 
els.  The  threshold  load  for  the  [±45^]8  K/E  panels 
with  an  aspect  ratio  of  1.000  was  inconsistent  with 
the  other  threshold  load  results.  The  first  specimen 
for  this  configuration  and  aspect  ratio  was  ballisti¬ 
cally  impacted  while  loaded  to  0.66  of  the  average 
undamaged- panel  failure  load.  The  specimen  did  not 
fail  when  impacted.  Based  upon  previous  tests,  this 
load  was  sufficient  to  cause  failure  of  the  panel  upon 
impact.  The  tumble  angle  and  crack  length  (2a} 
were  small,  so  the  impact  had  less  effect  on  resid¬ 
ual  strength  than  expected.  The  second  specimen 
was  loaded  to  79  percent  of  the  average  undamaged- 
panel  strength.  When  impacted,  the  panel  failed. 
The  first  specimen  was  assumed  to  be  typical,  and 
the  first  test  conditions  were  repeated  for  the  third 
specimen.  The  crack  length  of  the  third  specimen 
was  more  than  three  times  that  produced  in  the  first 
specimen.  The  third  specimen  failed  upon  impact. 
Because  it  was  not  known  whether  the  first  or  third 
specimen  was  typical,  the  first  conditions  were  reap¬ 
plied  to  the  fourth  specimen.  The  specimen  failed 
upon  impact.  The  crack  length  was  twice  that  of 
the  first  specimen.  In  hindsight,  the  fourth  speci¬ 
men  should  have  Wn  hiaded  to  45  or  50  percem  of 
the  average  undamaged- panel  strength.  Hence  the 
ihfeshoW  load  data  are  suspect  for  the  '[±45^]*  K/E 
panel  having  an  aspect  ratio  of  i.OOO. 

The  average  panel  residual  strength  ratios  are 
presented  m  table  XI .  The  average  panel  residual 
strength  ratUw  for  (±45^],  K/E,  1-+-45|J/ 
K-(ir/K.  and  j  f  30^  /-60*  1,  K/E  panels  were 
O  SS,  0.S5,  and  0.75  of  the  average  undamaged-panel 
strength,  resj>eclively.  No  trends  were  identified  with 
lespeci  to  threshold  load  and  panel  aspect  ratio. 

Corrthifion  of  Afulyficil  and  Experimeiital 

Rc«nlt« 

The  point  stress  failure  criteria,  as  represent ^‘d 
b>'  e<|uation!4  (1)  and  (2)  were  asetj  to  compare  the 


predicted  values  with  the  low-velocity  and  ballisti¬ 
cally  impacted  composite  panel  test  results.  As  pre¬ 
viously  discussed,  the  postbuckling  response  of  the 
thin  composite  panels  tested  in  this  study  is  pri¬ 
marily  a  function  of  the  mechanical  material  prop¬ 
erties  parallel  to  the  tension  field.  The  stress  ra¬ 
tio  0^1  oq  from  equation  (1)  and  test  data  from 
the  low-velocity-impacted  panels  were  plotted  ver¬ 
sus  the  crack  length  (2a)  in  figures  34-36  for  the 
[±45'^|,  K/E,  (+45^/-45^,l,  K-Gr/E,  and  l+SOf/ 
-60^),  K/E  panels.  Tensile  stress  at  failure,  o*, 
parallel  to  the  tension  field  was  computed  by  the 
equation 


from  reference  U,  where  t  is  panel  thickness  and 
Nxy  is  the  applied  edge  shear  stress  resultant  when 
the  panel  failed.  The  undamaged  material  strength, 
ao,  was  determined  from  coupon  tests.  As  shown  in 
figures  34  -36,  typical  values  of  Dq  that  correlate  with 
the  test  dawi  were  between  0.05  cm  (0.02  in.)  and 
0.20  cm  (0.08  in.).  These  results  are  in  agreement 
with  the  results  from  tension  tests  in  reference  12. 

The  point  stress  criterion  for  a  crack,  equa¬ 
tion  (2),  was  used  to  compare  the  predicted  val¬ 
ues  with  data  obtained  for  the  ballistically  im¬ 
pacted  composite  panels.  Test  data  analogous  to 
those  for  the  low-velocity-impacted  paneb  were  pre¬ 
pared.  The  stress  ratio  from  equation  (2)  and 
the  test  results  for  the  [±45*^1,  K/E,  ['♦'45^/ 

-45^,1,  K-Gr/E,  and  |+30*'/ -  60*'|.  K/E  paneU 
are  plotted  in  figures  3?  39.  The  test  results  corre¬ 
lated  with  point  stress  criteria  with  values  of  Dq  from 
0.03  cm  (0.01  in.)  to  0.20  cm  (0.08  in.). 

Concliidiiig  Remarks 

The  ejects  of  low- velocity  and  ballbtic  impact 
damage  on  thin  composite  and  alumiiram  shear 
paneb  were  determined.  All  ballbtically  impacted 
pnneb  we.^  hiatted  and  impacted  with  a  tumbbd 
0.50-calib«r  projectile.  I'he  following  remarks  are 
based  on  results  of  thb  study. 

Panel  aspect  ratio  was  not  found  to  be  a  signifi¬ 
cant  characterbtic  parameter  of  panel  strength.  The 
t±45^j»  Kevlar/epoxy  (K/E)  and  -  45^J, 

Kevlar- graphile/epoxy  (K-Gr/E)  paneb  exhibited 
tension  failures  perpendicular  to  the  tension  field. 
The  [4-30^  /  -60^  K/E  paneb  had  a  combined  ten¬ 
sion  and  shear  failure  attributed  to  uoualignment  of 
fibers  with  the  diagonal  tension  forces. 

Topically,  strength  reduct  on  from  nonpeneirat- 
ing  low-velfKiiy  impacts  was  negligible.  The  typi¬ 
cal  damaged  area  of  the  nonprnrtrated  low-velocity- 
impacted  paneb  was  a  circular  region  lews  than 
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0.64  cm  (0.25  in.)  across  on  the  impacted  side 
with  little  or  no  visible  damage  on  the  back  side. 
A  15'  to  20-percent  reduction  in  residual  strength 
from  the  undamaged- panel  strength  was  typically 
obtained  from  the  penetrating  low-velocity  impact 
tests.  The  damaged  region  of  the  penetrated  low- 
velocity-impacted  panels  consisted  of  delamination 
around  the  perimeter  of  the  penetration.  The  dam¬ 
age  was  approximately  1.91  cm  (0.75  in.)  across. 

The  results  of  the  low-velocity  and  ballistic  im¬ 
pact  tests  suggest  that  nontumbled  ballistic  impacts 
(projectile  tumble  angle  of  0®)  would  cause  no  greater 
damage  than  an  equivalent  diameter  spherical  projec¬ 
tile  that  penetrated  the  panel  at  a  lower  speed. 

The  average  threshold  load  for  all  ballistically  im¬ 
pacted  aluminum  panels  was  0.61  of  the  average  fail¬ 
ure  load  for  the  undamaged  aluminum  panels.  Aver¬ 
age  residual  strength  for  aluminum  panels  was  0.57 
of  the  average  undamaged-aluminum-panel  strength. 

The  average  threshold  leads  for  ballistically  im- 
patted  K/E,  l+45£/-‘15£,].  K-Gr/E,  and 

(+30*^/  -  60*^1,  K/E  panels  were  0.44,  0.48,  and 
0.55,  respectively,  of  the  a'^erage  undamaged-panel 
failure  load.  The  average  panel  residual  strengths 
were  0.55,  0.55,  and  0.75  of  the  average  undamaged- 
panel  strength  foi  the  (±45*^]g  K/E,  (+45^/ 
-45fjr]»  K-Gr/E,  and  (+30*^/ -60*^]*  K/E  paneb,  re¬ 
spectively.  Exit  side  damage  of  the  panels  consisted 
of  e\lensive  delamination  of  the  outer  ply  around  the 
penetia*lou.  The  entrance  side  exhibited  outer  ply 
delamination  ab<mt  the  perimeter  of  the  penetration, 
though  not  as  extensive  as  on  the  exit  side. 

The  point  stress  failure  criteria  for  a  hole  and  a 
crack  in  infinite  panels  correlated  well  with  the  low- 
velocity  and  ballistic  impact  test  results,  respectively. 


NAS.\  Langlry  K.-scurrh  (Vnlrr 
Haniptoii,  V\ 
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TABLE  I.  LOW-VELOCITY  IMPACT  TEST  CONDITIONS 
(Projectile  was  A1  sphere  with  diameter  of  1.27  cm  (0.50  in.)j 


Speed  of  projectile,  m/sec  (ft/sec), 
impacting  shear  panel  with  aspect  ratio^  of- 


l±i^ns  K/E 


K45{;;/-45^:j.K-Gr/E  ] 

1  I 

2  i 

3  I  ' 

4  _  ‘ i 

[^30^7-60^1.  K/E 

1 

2  * 

3 

4 

.Narmco  5208  ejKJxy  resin 
y  fabric 

Clr  Thornel  300  graphite  fiber 
K  Kevlar  49  fiber 
»  symmetric 

^Panrl  aspect  ratio  l*anel  di 

1  000  20  3  X 

1.625  20  3  X 

2  500  20  3  • 


1.000 

(^) 

47 

(155) 

47 

(154) 

48 

(156) 

47 

(154) 

68 

(224)'' 

65 

(214) 

69 

(227)'' 

68 

(222)'* 

47 

(154) 

45 

(149) 

46 

(150) 

47 

(154) 

46 

(151) 

45 

(149) 

68 

(224)'' 

67 

(220)'' 

67 

(221) 

66 

mif 

_ 67 

(221)'* _ 

66 

J.2JI) 

45 

(149) 

i 

j 

47 

1 

(154) 

46 

(151) 

j 

1  69 

(228) 

67 

(219)  ■ 

68 

(222)'' 

l*anel  dimensions,  cm  (in.) 
20  3  X  20  3  (8  0  X  8  0) 
20  3  X  33  0  (8.0  X  13  0) 
20  3  .  50  8  (  8  0  X  20.0) 


imiicatrs  that  projectile  penetrated  panel. 


TABLE  II.  BALLISTIC  IMPACT  TEST  CONDITIONS  OF  SHEAR  PANELS 
WITH  ASPECT  RATIO  OF  1.000 

[All  panels  had  test-section  dimensions  of  20.3  cm  x  20.3  cm  (8.0  in.  x  8.0  in.)] 


Panel 

f’i^cription 

and 

specimen  number 

(») 


6061-T6  aluminum 


Applied  stress  resultant 


A^xy. 

kN/m  (Ibf/in.) 


Percent  of  static 
ultimate 


Impact  speed, 
m/sec  (ft/sec) 


1 

MO.l  (800) 

82.9 

682.8  (2240) 

2 

140.1  (800) 

82.9 

695.6  (2282) 

3 

140.1  (800) 

82.9 

677.6  (2223) 

K/E 


65.7 

(375) 

78.8 

(450) 

65.7 

(375) 

65.7 

(375) 

1.  K-(Jr/E  1 

65.7 

(375) 

87.6 

(500) 

65.7 

(375) 

65.7 

(375) 

1^^30^7-60^1.  K/E 


66.3 

79.5 

66.3 

66.3 


686.7 

681.5 

673.9 

683.4 


(2253) 

(2236) 

(2211) 

(2242) 


49.5 

j  691.9  (2270) 

65.9 

1  680.3  (2232) 

49.5 

i  692.5  (2272) 

49.5 

1  683.9  (2244) 

f  ■  . . . -  ■' 

1 

65.7 

(375) 

69.4 

676.0 

(2218) 

2 

46.0 

(263) 

48.7 

679.1 

(2228) 

3 

46.0 

(263) 

48.7 

685.8 

(2250) 

4 

460 

(263) 

48.7 

681.5 

(2236) 

E  Narmro  5208  rpoxy  rrai.i 
F  fabric 

(ir  Thornel  300  f;;raphite  fiber 
K  Kevlar  49  fiber 


.-symmetric 


TABLE  HI.  BALLISTIC  IMPACT  TEST  CONDITIONS  OF  SHEAR  PANELS 
WITH  ASPECT  RATIO  OF  1.625 

[All  panels  bad  test-section  dimensions  of  20.3  cm  x  33.0  cm  (8.0  in.  x  13.0  in.)] 


Panel 

description 

and 

specimen  number 

(a) 

Applied  stress  resultant 

Impact  speed, 
m/sec  (ft/scc) 

Nxy, 

kN/m  (Ibf/in.) 

Percent  of  static 
ultimate 

6061-T6  aluminum 

1 

83.5  (477) 

54.0 

682.8 

(2240) 

2 

122.6  (700) 

79.3 

693.4 

(2275) 

3 

137.5  (785) 

88.9 

676.9 

(2221) 

[±45f],  K/E 

1 

66.0  (377) 

68.8 

697.9 

(2290) 

2 

44.5  (254) 

46.4 

687.3 

(2255) 

3 

44.5  (254) 

46.4 

689.8 

(2263) 

4 

44.5  (254) 

46.4 

687.0 

(2254) 

1+«k/-‘'5L1»  K-Gr/E 

1 

63.4  (362) 

51.6 

664.8 

(2181) 

2 

74.1  (423) 

60.3 

681.« 

(2237) 

3 

63.4  (362) 

51.6 

703.8 

(2309) 

4 

63.4  (362) 

51.6 

680.3 

(2232) 

[-^30'■'/-60fl.  K/E 

53.9  (308) 
48.5  (277) 
48.5  (277) 


63.5 

57.1 

57.1 


681.8  (2237) 
678.2  (2225) 
687.6  (2256) 


TABLE  IV.  BALLISTIC  IMPACT  TEST  CONDITIONS  OF  SHEAR  PANELS 
WITH  ASPECT  RATIO  OF  2.500 

[All  panels  had  test-section  dimensions  of  20.3  cm  x  50.8  cm  (8.0  in.  x  20.0  in.)] 


Panel 

description 

and 

Applied  stress  resultant 

Impact  speed, 
m/sec  (ft/sec) 

specimen  number 
(a) 

Nxy, 

kN/m  (Ibf/in.) 

Percent  of  static 
ultimate 

6061-T6  aluminum 

1 

83.2 

(475) 

55.7 

697.1 

(2287) 

2 

122.6 

(700) 

82.1 

686.1 

(2251) 

3 

140.1 

(800) 

93.8 

691.6 

(2269) 

[±45f'|,  K/E 

1 

65.7 

(375) 

57.9 

684.3 

(2245) 

2 

32.9 

(188) 

29.0 

674.2 

(2212) 

3 

46.1 

(263) 

40.6 

680.9 

(2234) 

4 

46.1 

(263) 

40.6 

687.3 

(2255) 

5 

46.1 

(263) 

40.6 

693.7 

(2276) 

K-Gr/E 

1 

65.7 

(375) 

48.3 

680.0 

(2231) 

2 

32.9 

(188) 

24.2 

675.4 

(2216) 

3 

46.1 

(263) 

33.8 

686.4 

(2252) 

4 

46.1 

(263) 

33.8 

684.3 

(2245) 

5 

46.1 

(263) 

33.8 

681.2 

(2235) 

[-I-30^/-60^]8  K/E 

1 

48.2 

(275) 

50.8 

640.4 

(2101) 

2 

48.2 

(275) 

50.8 

689.8 

(2263) 

3 

65.7 

(375) 

69.3 

688.2 

(2258) 

4 

56.0 

(320) 

59.1 

665.7 

(2184) 

5 

48.2 

(275) 

50.8 

683.4 

(2242) 

E  Narmco  5208  epoxy  resin 
F  fabric 

Gr  Thornel  300  graphite  fiber 
K  Kevlar  49  fiber 
8  symmetric 


TABLE  V.  ULTIMATE  SHEAR  STRESS  RESULTANT  OF  UNDAMAGED  PANELS 


Panel 

description 

(a) 


6061-T6  aluminum 


Ultimate  shear  stress  resultant,  Nxy,  kN/m  (Ibf/in.), 
for  panel  with  aspect  ratio^  of — 


1.000 


66 

71 

69 


182 

(1038) 

129 

(738) 

155 

(883) 

Average 

169 

(964) 

155 

(883) 

149 

(852) 

(±45'^],  K/E 

103 

(588) 

97 

(554) 

114 

(650) 

97 

(556) 

96 

(550) 

116 

(665) 

97 

(554) 

95 

(542) 

110 

(626) 

Average 

99 

(566) 

96 

(548) 

113 

(647) 

[±</-«Gr!-  K-Gr/E 

128 

(731) 

105 

(600) 

145 

(828) 

136 

(775) 

145 

(827) 

129 

(735) 

Hi 

(768) 

118 

(677) 

134 

(765) 

Average 

133 

(758) 

123 

(701) 

136 

(776) 

[+30f/-60f'],  K/E 

105 

(600) 

85 

(485) 

81 

(463) 

78 

(444) 

85 

(485) 

107 

(613) 

m 

(577) 

85 

(485) 

J6 

(548) 

Average 

95 

(540) 

85 

(485) 

95 

(541) 

“E 

Narmco  5208  epoxy  resin 

F 

fabric 

Gr 

Thornel  300  graphite  hber 

K 

Kevlar  49  fiber 

8 

symmetric 

"Panel  aspect  ratio 

Pane*  dimensions,  cm  (in. 

1.000 

20.3  X  20.3  (8.0  X  8.0) 

1.625 

20.3  X  33.0  (8.0  x  13.0) 

2.500 

2U.3  X  50.8  (8.0  X  20.0) 

TABLE  VI.  ULTIMATE  RESIDUAL  SHEAR  STRESS  RESULTANT  OF  PANELS  IMPACTED  AT  LOW  VELOCITY 


^  g  I 

V 


a,  a, 

os  lO  h-  00 


a,  a, 

cs|  CO 

CO  os 

OS  OS  h-  00 


00  ^  00 
c«l  CO  lO  c* 
lO  lO 


es  OS 

os  Os  00 


^  «o  os 

OS  O  css  '-H 

«o  «o 


00  CO  O  00 

CO  *H  o 


a,  a, 

lO  ^  CO 

os’  CO  lo  o4 

00  'H  GO  00 


C'  ic  00 
C>S  OS  OS  b- 
lA  lO 


O  Os  k/0 
^  CO  o  o 


a.  a, 

»/?  CM  CO 
ri  Q  CO 
o  o  oO  00 


a,  a, 

CO  eo 


s 


XT  GO  Q 
00  00  1/0  ^ 
UO  1/0  1/0  TT 


C<«  04  00  OS 
o  o  OS 


P4  CO  U.0  -H  CO 

uo 

’fl' 


•i  £ 


§  o| 

So  §  OS  Y 

§  i  .H  s 

s.fii  i  I 

Z  JS  H  «  fr 


u  u.  u  u:  . 
0 


Panel  aspect  ratio  Panel  dimensions,  cm  (ic 

1.000  20.3  X  20.3  (8.0  x  8.0) 

1.625  20.3  X  33.0  (8.0  x  13.0) 

2.500  20.3  X  50.8  (8.0  x  20.0) 

P  indicates  that  projectile  penetrated  panel. 


BALLISTICALLY  IMPACTED  SHEAR  PANELS  WITH  ASPECT  RATIO 


Njumco  5208  epoxy  ream 
fabric 

Tboroel  300  graphite  fiber 
Kevlar  49  fiber 


BALLISTICALLY  IMPACTED  SHEAR  PANELS  WITH  ASPECT  RATIO  OF  1.62 


Thomd  300  gri 
Kevlar  49  6ber 
eymmelhc 


TABLE  X.  THRESHOLD  LOAD  RATIO  OF  ALUMINUM  AND  COMPOSITE 
BALLISTICALLY  DAMAGED  SHEAR  PANELS 


description 


6061-T6  aluminum 


l±45fl,  K/E 


[+45^/-45Pj.  K-Gr/E 


l+30f/-60f],  K/E 


Narmco  5208  epoxy  resin 
F  fabric 

Gr  Thornel  300  graphite  fiber 
K  Kevlar  49  fiber 
s  symmetric 
^Data  are  suspect. 

‘■’Does  not  include  suspect  data. 


Threshold  load 


Panel  with  aspect  ratio  of— 


1.000  1.625  2.500 


0.65  0.59  0.59 


.46  0.41 


Average 


0.61 


TABLE  XI.  AVERAGE  PANEL  RESIDUAL  STRENGTH  RATIO  OF  ALUMINUM 
AND  COMPOSITE  BALLISTICALLY  DAMAGED  PANELS 


6061-T6  aluminum 


(±45^1.  K/E 


l+«!i/-45j:,!.  K-Gr/E 


l-h30'’7-60'’'l.  K/E 


E  Narmco  5208  epoxy  resin 
F  fabric 

(Jr  Thornel  3(X)  graphite  fiber 
K  Kevlar  49  fiber 
s  symmetric 
One  specimen. 

Data  for  panel  with  aspect  ratio  of  1.000  were  excluded 


Average 


0.57 


‘^0.55 


Sheer  Panel  !n 
Test  Fixture 


F^oiectie  Speed 
Meeeuring  Device 


Fig;ure  3.  Clo9e*up  view  of  test  panel  in  fixture  prior  to  being  impacted 


Load  Transfer 
Doublers -tC 


Direction  of  Shear  Load 


Panel  Test  Section 


Figure  4.  Low-speed  impact  region  for  composite  shear  panels. 


Mggg’gawrgnrggTa 


Figure  7.  Ballistic  impact  test  firing  range  with  test  specimen. 


Load  Frame 


Figure  8.  Ballistic  impact  lest  apparatus  with  velocity  screens. 
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L-85-35 


Figure  9.  Shear  fixture  in  ballistic  impact  load  frame 


'—Permanent 

1-86-36 

Figure  10.  Faileti  aluminum  diagonal  tension  field  shear  panel. 


0 


Figure  13. 


1.25 

1.00 

Strength 
of  Psnel  Q  yj 

Average 
Stren^h  of 
Undamaged 
Panels 

a25 

0 


6061-T6 

Aluminum 


[*45^3 

K/E 


K-Gr/E  K/E 


Ultimate  shear  stress  resultants  of  undamaged  panel  tests. 


Figure  M.  Residual  strength  ratio  of  panels  impacted  at  low  speed. 


Impacted  aide 

L-85-37 

Figure  15.  Damaged  region  of  [-1-45^ /-45g,],  K-Gr/E  shear  panel  impacted  at  46  m/sec  (150  ft/sec). 


Impacted  tide 

L-85-38 

Figure  16.  [±45^,  K/E  shear  panel  impacted  at  67  m/sec  (220  ft/sec). 


(aj  impacted  side. 


siae. 


L-85-39 


Figure  17.  Damaged  region  of  [+45^/“45qJ.  K-Gr/E  shear  panel  impacted  at  67  m/sec  (220  ft/sec). 


rf'iTiinn 


(a)  Impacted  side.  (b)  Exit  side. 

L-85-40 

Figure  19.  Typical  damaged  region  of  ballistically  impacted  [±45^a  K/E  shear  peinel.  Panel  failed  upon 
impact;  hole  size  corresponds  to  projectile  tumble  angle  of  90®. 


(a)  Impacted  side.  (b)  Exit  side. 

L-85-41 

Figure  20.  Typical  damaged  region  of  ballistically  impacted  (-f  45j^/-45j’;j,  K-(Jr/E  shear  panel.  Pane^  failed 
upon  impact;  hole  size  corresponds  to  projectile  tumble  angle  of  69®. 


ir\ 

^Axis  Normal  to  Panel 

/ 

Projectile  \ 

Tumble  Angle— ^ 

''^Longitudinal  Axis 
of  Projectile 

(a)  Projectile  tumble  angle.  (b)  Projectile  orientation  angle. 

Figure  21.  Ballistic  projectile  tumble  and  orientation  definition. 


K/E 


J 


+307-60 


Gris 
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K 
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Crack  Length  (2a),  cm  (in.) 


Figure  22.  Effect  of  projectile  tumble  angle  o  on  crack  length. 


Crack  Length  (2a),  cm  (In.) 


0 

□ 

o 


[±A5^]^  K/E 
+30*^/ -60^ 


5  K-Gr/ 
K/E 


Figure  23.  Effect  of  projectile  orientation  angle  0  on  crack  length. 
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strength 
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Strength  of 
Undamaged 
Panel 


1.00 


0.25 

0 


■Diameter  of  Projectile 


r 

ho 

o 

1 

1 

O 

o 

o 
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1 

1 
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Figure  24.  Effect  of  crack  length  on  residual  strength  of  ballistically  impacted  panels 


(a)  Impacted  side.  (b)  Exit  side. 

1-85-42 

Figure  25.  Typical  damaged  region  of  ballistically  impacted  aluminum  shear  panel.  Panel  survived  impact; 
hole  size  corresponds  to  projectile  tumble  angle  of  90° 


1.00 

0.75 

Applied  Load 

Failure 

Load  of 

0.50 

Undamaged 

Panels 

0.25 

ODO  □  □ 


Specimen 
Number  Symbol 

1  •  o 

2  ■  □ 

3  ♦  O 

Open  Symbol  -  Applied  Load 

When  Impacted 

Solid  Symbol  -  Residual  Load 

- Threshold  Load 


1.000  1.625  2.500 

Panel  Aspect  Ratio 


Figurr  26.  Load  ralio.H  of  ballistirally  impaclctl  aluminum  panels. 


I 


iinJED 

[tllEB] 


(a)  Impacted  side.  (b)  Exit  side. 

P-  .  .  L-85-43 

igure  27.  Damaged  region  of  ballistically  impacted  [±45'^,  K/E  shear  panel.  Panel  survived  impact;  hole 
size  corresponds  to  projectile  tumble  angle  of  20®. 


Dewiinafion  of  1 

Kevlar  CXiter  Ryi 

- - - - ...  - - 


(a)  Impacted  side.  (b)  Exit  side. 

Figure  28.  Damaged  region  of  ballistically  impacted  !+4^/-4Sj,).  K-Gr/E  shear  panel 
impact;  hole  siate  corresponds  to  projectile  tumble  angle  of  45®. 
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Panel  survived 


L** 
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L&'EH] 


Detamlnation  of 
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t  ExH  Side  ^  ^ 


L-85-45 


Figure  29,  Typical  exit  side  damage  of  ballistically  impacted  [d:45^,  K/E  shear  panel.  Panel  survived  impact 
hole  size  correpsonds  to  projectile  tumble  angle  of  80°. 


(a)  Impacted  side.  (b)  Exit  side. 

L-8S-46 

F igure  30.  T>'picaJ  damaged  region  of  ballistically  impacted  (-^45^ K-Gr/E  shear  panel  Panel  sur\*ived 
impact;  hole  size  corresponds  to  projectile  tumble  angle  of  90^ 
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1.000  1.625  2.500  _  Thro»hnMI«H 

Panel  Aspect  Ratio 

Figure  31.  Load  ratios  of  (±45^,  K/E  ballistically  impacted  composite  panels. 


Applied  Load 

Failure  ^ 
Load  of 
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Number  Symbol 

1  •  o  o 

2  BOB 

3  A  A 

4  ♦  O 

5 

Open  Symbol  -  Applied  Load 
When  Impacted 

Shaded  Symbol  *  Load  Which 
Panel  Failed 
When  Impacted 

Solid  Symbol  -  Residual  Load 

-  Threshold  Load 


Figure  32.  Load  ratios  of  [+4Sf/-  45o,|.  K-Gr/E  ballistically  impacted  composite  panels. 
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Figure  37.  Point  stress  criteria  for  ballistically  impacted  (±45^,  K/E  sliear  panel. 


CrKk  length  (2ai.  cm  (in.) 


Figure  .tS.  Point  strew  criteria  for  ballistically  impacted  l+45|(/-4Sj  1.  K-Gr/E  shear  panel. 
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composite  laminates  and  one  aluminum  material  configuration.  Three  panel  aspect  ratios  were  evaluated  for  each 
material  configuration.  Composite  panels  were  impacted  with  a  1.27-cm  f6.69=iir)  diameter  aluminum  sphere 
at  low  velocities  of  46  m/sec  flSOit/wie'f  and  67  m/sec  (220*  ft/we^.  Ballistic  impact  conditions  consisted  of  a 
tumbled  0.50-caliber  projectile  impacting  loaded  composite  and  aluminum  shear  panels.  The  results  of  these  tests 
indicate  that  ballistic  threshold  load  (the  lowest  load  which  will  result  in  immediate  failure  upon  penetration 
by  the  projectile)  varied  between  0.44  and  0.61  of  the  average  failure  load  of  undamaged  panels.  The  residual 
strengths  of  the  panels  after  ballistic  impact  varied  between  0.55  and  0.75  of  the  average  failure  strength  of  the 
undamaged  panels.  The  low-velocity  impacts  at  67  m/sec  (220  ft/a— ^  ^^used  a  15-  to  20-percent  reduction  in 
strength,  whereas  the  impacts  at  46  m/sec  ( i-60-ffe /ae^^aresulted  in  negligible  strength  loss.  Good  agreement 
was  obtained  between  the  experimental  failure  strengths  and  the  predicted  strength  with  the  point  stress  failure 
criterion.  1  ; 
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